The relationship between exercise and cognitive performance is a highly topical area of scientific inquiry. 1 Although the majority of this work examines the effects of chronic exercise participation on cognition, there has been an increasing interest in the potential transient effects of acute bouts of exercise. Several reviews and meta-analyses have suggested that participation in acute aerobic activity exerts a positive influence on cognitive function, and in particular, executive function. [2] [3] [4] [5] Executive function refers to a subset of goal-directed processes (ie, planning, scheduling, working memory, task coordination, cognitive flexibility, abstract thinking, etc.) involved in the intentional component of environmental interaction. Both chronic physical activity 6 and single acute bouts of exercise 7 have been found to have positive influences on cognition, with disproportionately greater effects for tasks that require extensive amounts of executive control. In particular, one aspect of executive control that has garnered a great deal of interest is inhibitory control, which refers to the ability to manage and direct attention within the stimulus environment by ignoring irrelevant information and maintaining focus on relevant items. Hillman et al 7 used a modified flanker task to manipulate inhibitory control, and demonstrated that adults are able to better engage and classify information in their stimulus environment and process this information more quickly following acute aerobic exercise. The majority of the acute exercise and cognition research has focused on aerobic exercise with relatively fewer studies investigating the effects of other modes of activity. It is difficult to compare or generalize the findings of these studies, given the different protocols and modes of exercise used, and various tasks used to assess unique aspects of cognition. Although there is growing interest in acute exercise and cognition research, the primary focus on aerobic exercise effects makes it difficult to generalize the findings to other nontraditional forms of exercise. Accordingly researchers need to investigate the unique acute effects of other nontraditional modes of exercise such as yoga, tai-chi, and other forms of martial arts. It is known that the cardiovascular and metabolic demands of aerobic and resistance exercises are inherently different. Many of the nontraditional forms of exercise have mindbody components which may differently affect physical and mental processes.
Ross and Thomas 8 reviewed studies comparing the effects of yoga, a mind-body-based exercise; and aerobic exercise and concluded that in both healthy and diseased populations yoga may be as effective, or better than, aerobic exercise at improving a variety of health-related outcome measures. Yoga is an ancient Indian science and way of life that includes the practice of specific postures, regulated breathing, and meditation. 9 The technique involves an active attentional or mindfulness component but its potential benefits have not been thoroughly explored. Despite an increase in interest pertaining to the health benefits of yoga practice, research focusing on the relationship between yoga practice and cognition is limited. Sarang and Telles 10 evaluated performance on a 6-letter cancellation task in males (age 18-48 years) immediately before and after 2 yoga-based relaxation techniques and a control session of equal duration. They used cyclic meditation and supine rest and found that the net scores were significantly higher after both practices. In another study using the 6-letter cancellation task, Telles et al 11 reported improvement in cancellation scores (either total errors or net scores) after engaging in a yoga breathing technique characterized by forceful exhalation and high-frequency breathing. Canter and Ernst 12 conducted a systematic review of 10 randomized controlled trials to evaluate the effect of transcendental meditation on cognitive function. Four trials reported large positive effects on cognitive function; 4 provided only weak evidence for a positive effect and 2 showed no effect. Analogous to the aerobic literature, there is clearly mixed evidence regarding acute yoga benefits and cognitive function. Given the various forms and postures of yoga, it is not surprising that these results are equivocal.
The primary focus of exercise and executive function studies has been inhibitory control. However, there is a need to explore other critical executive processes such as working memory. Pontifex et al 13 showed that participants' reaction time on a modified Sternberg working memory task improved immediately and 30 minutes after acute aerobic exercise relative to the preexercise baseline. They observed no such effects after resistance exercise or seated rest. In the current study, we used the n-back task as a measure of working memory, one aspect of executive control that is responsible for continuous encoding, temporary storage and manipulation of information necessary to execute complex cognitive tasks. The n-back task is one of the most popular experimental paradigms for cognition and functional neuroimaging studies of working memory. 14 A modified flanker task was used in conjunction with the n-back as it has been used in acute exercise studies to manipulate inhibitory control.
In the current study we employed a repeated measures design to investigate the immediate effect of exercise on cognitive performance in young adults. More specifically, we compared single bouts of yoga and aerobic exercise to assess whether yoga practice improved cognitive performance beyond aerobic exercise. The flanker [15] [16] [17] and n-back 18, 19 tasks were used in this study as these have been used in prior research and would enable us to compare the results with previous studies. It was hypothesized that task performance on these executive function measures would be enhanced by both exercise modalities when compared with baseline performance. Such findings would provide additional support for the existing acute-aerobic exercise literature as well as compare the magnitude of acute yoga effects in relation to aerobic exercise.
Methods

Participants
Thirty female undergraduate students (mean age = 20.1 ± 2.0 years) from the University of Illinois at UrbanaChampaign were recruited to participate in this study. An informed consent approved by the Institutional Review Board of the University of Illinois at Urbana-Champaign was completed by all the participants. In addition, the Physical Activity Readiness Questionnaire (PAR-Q) was used as a screening tool to detect potential risk factors. All participants reported being free from any conditions on the PAR-Q that might be exacerbated by acute exercise participation. We also excluded participants who were regular practitioners of yoga or other mind-body based exercises (eg, tai-chi, martial arts, etc.) to avoid confounding with the yoga intervention.
Measures
Exercise History. An exercise history questionnaire was used to assess the frequency, duration and intensity of physical activity over the past 6 months. Participants were asked, "In the last 6 months, on average, how many days a week have you spent 30 minutes or more in moderate to strenuous exercise." Participants responded by checking the number of days/week ranging from 0-7. Duration was assessed by asking "If you have been exercising, on average how long has each exercise session been?" Participants responded by checking one of these choices: "less than 5 minutes, 5-19 minutes, 20-29 minutes, more than 30 minutes." A total of 17 participants met the CDC guidelines of 150 minutes/ week or more of aerobic activity and were categorized as being 'active.' Submaximal Fitness Assessment. Maximal aerobic capacity (VO 2 max) was estimated by participant's performance on a modified Balke submaximal treadmill test. 20 The protocol involved jogging/running on a treadmill at a constant speed with increasing grade increments of 1% every minute until the participant reached his/her 85% predicted max heart rate (HR). A Polar HR monitor (Model A1; Polar Electro, Kempele, Finland) measured HR throughout the test, and a rating of perceived exertion (RPE) 21 was taken at the end of every minute. The mean (SD) estimated VO 2 max for all participants was 35.9 (4.8) ml/kg/min.
Cognitive Measures. We used 2 measures of cognitive function to assess working memory and inhibitory control. Descriptions of these tests follow.
The Flanker Task. A modified flanker task [15] [16] [17] which incorporated arrays of arrows was used to manipulate inhibitory control. The congruent trials consisted of the target arrow being flanked by other arrows that faced the same direction (eg, <<<<< or >>>>>). The incongruent trials consisted of the target arrow being flanked by other arrows that faced the opposite directions (eg, <<><< or >><>>). Participants were instructed to respond as quickly and as accurately as possible with a left button press when the target arrow (regardless of condition) faced to the left (eg, '<') and a right button press when the target arrow faced to the right (eg, '>'). During each of the 3 visits, 1 block of 200 trials, randomized across task conditions was presented. The block consisted of 100 congruent and 100 incongruent trials with left and right target arrows occurring with equal probability. The stimuli were 3 cm tall white arrows, which were presented focally for 80 ms on a black background with a variable intertrial interval of 1100, 1300, or 1500 ms. Total task duration was approximately 6 min.
The N-back Task. A modified serial n-back task 18, 19 involved 3 consecutive phases called the 0-back, 1-back, and the 2-back. Each phase required the participants to discriminate between 5 distinct shapes. Each shape was represented by a color with blue circles, green triangles, purple stars, red squares, and yellow crosses as the stimuli. In the 0-back condition, participants were instructed to respond as quickly and accurately as possible with a right button press when the yellow cross appeared and with a left button press when any other shape appeared. In the 1-back and 2-back conditions, participants were instructed to respond as quickly and accurately as possible with a right button press if the current shape was the same as the previous trial for the 1-back condition, and 2 trials previous for the 2-back condition. If the current shape was different from the previous trial in the 1-back condition, or from 2 trials previous in the 2-back condition, participants were instructed to make a left button press. During each of the 3 visits, 1 block of 80 trials, randomized across task conditions, was presented for each n-back condition with equally probable presentation of each stimulus (16 trials for each shape). All stimuli were 3 cm tall, presented 1 at a time on a computer screen with a black background for a duration of 250 ms with a fixed 3000 ms intertrial interval. The total time to complete all 3 phases of this task was approximately 18 minutes.
Procedure
A within-subjects repeated measures design had participants visit the laboratory on 3 separate days (mean = 4.1 ± 3.05 days between sessions) in which they had not previously participated in any form of physical activity. On the first visit to the laboratory, participants provided written informed consent, completed the PAR-Q and an exercise history questionnaire. The order of the baseline, aerobic exercise, and yoga exercise conditions were counterbalanced across participants to minimize any effects of order or practice. During the baseline session, participants completed the flanker and n-back tasks. Following completion of these cognitive tests, participants performed the submaximal treadmill test, were given a cool down period, and waited for their heart rate to return to within 10 beats per minute of their resting HR before leaving the laboratory.
Participants wore a Polar heart rate monitor (Model A1, Polar Electro, Finland) throughout the exercise sessions, and their resting HR (before beginning the session) and exercise HR (average after 20 minutes of exercise) were recorded by the exercise leader. All the exercise sessions took place individually, one-on-one with the exercise leader. For the yoga visit, a 20-minute progression of seated, standing, and supine yoga postures (see Table  2 ) was led by an exercise leader trained in Hatha Yoga practice. The postures included isometric contraction and relaxation of different muscle groups in conjunction with regulated breathing, and concluded with a meditative deep breathing posture. The participants mirrored the exercise leader and focused on performing the postures mindfully, attending to their breathing and being aware of the physical posture and muscle movements. Each posture (1-8) listed in Table 2 was performed twice and held up to 30 seconds. For the aerobic exercise visit, participants were supervised by the exercise leader and self-selected the speed and incline combination to stay within 60%-70% of their estimated HR max (mean = 154.0 ± 9.16 bpm) as they exercised on a motor-driven treadmill (see Table 1 ). This range was chosen to replicate previous findings that have shown improved cognitive performance in response to this intensity. 13 Immediately following completion of the exercise conditions, participants were escorted to the cognitive testing room and provided task instructions for the cognitive tasks. The n-back and flanker tasks were administered in a counterbalanced order across participants but fixed within each participant across exercise modalities. Each of the 3 sessions were conducted in the same exercise room and were performed individually by the participants. The mean time elapsed before the beginning of cognitive testing, the duration of the visits and cognitive assessments is shown in Table 1 .
Data Analysis
Before hypothesis testing, preliminary analyses were conducted to examine the order in which the exercise sessions and cognitive tasks occurred to ensure that the observed effects were not due to the specific order in which participants received the various conditions. No significant differences in session order [F(5, 24) ≤ 1.69, P ≥ .18] or cognitive task order [t(28) ≤ 1.04, P ≥ .308] were observed for any of the reaction time (RT) or accuracy variables. In addition, we examined the potential for activity level moderating cognitive responses and found no significant mean differences [t(28) ≤ 1.58, P ≥ .13] when comparing the 'active' versus 'inactive' (based on CDC guidelines) participants.
Primary analyses used repeated-measures ANOVAs with a family-wise alpha level set at 0.05 to determine whether the 3 conditions (baseline, aerobic, yoga) resulted in differential task performance. Specifically, analyses of task performance (ie, RT and response accuracy) were conducted using multivariate repeated-measures ANOVA. Analysis of the flanker task was conducted using a 3 (Condition: Baseline, Aerobic Exercise, Yoga Exercise) × 2 (Congruency: Congruent, Incongruent) multivariate repeated-measures ANOVA whereas, for the n-back task a 3 (Condition: Baseline, Aerobic Exercise, Yoga Exercise) × 3 (Memory Load: 0-back, 1-back, 2-back) model was tested. Post hoc comparisons were conducted using Bonferroni adjustment.
Results
Flanker Task
RT. There was no significant main effect of condition F(2, 28) =.77 P = .47, partial η 2 = .05. However, congruency was significant F(1, 29) = 339.94, P < .001, partial η 2 = .92 indicating that RTs for congruent trials were significantly shorter than incongruent trials. No condition × congruency interaction was observed F(2, 28) =.31, P = .74, partial η 2 = .02.
Response Accuracy. Analyses revealed a main effect of condition, F(2, 28) = 5.69, P = .008, partial η 2 = .29, and congruency, F(1, 29) = 41.11, P = .000, partial η 2 = .59, which was superseded by a condition × congruency interaction, F(2, 28) = 9.22, P = .001, partial η 2 = .40. Post hoc analyses of this interaction examined condition within congruency and revealed no differences for the congruent trials. However, accuracy was significantly greater in the yoga condition as compared with both the aerobic condition [t(29) = 4.27, P < .001] and the baseline condition [t(29) = 3.01, P < .016] for the incongruent trials. The pairwise comparison of the aerobic condition with the baseline condition was nonsignificant [t(29) = .675, P < .51].
N-back Task
RT. There was a significant main effect of condition F(2, 28) = 4.94, P = .02, partial η 2 = .26, and memory load, F(2, 28) = 23.10, P < .001, partial η 2 = .62, which was superseded by a condition × memory load interaction, F(4, 26) = 3.90, P = .01, partial η 2 = .38. Decomposition of this interaction by examining condition within memory load revealed no significant differences between the 3 conditions [t(29) ≤ .12, P ≥ .99] for the 0-back, however yoga RT was significantly shorter than the aerobic RT [t(29) = 2.85, P < .025] for the 1-back task. A similar pattern was seen for the 2-back task where yoga RT was significantly shorter than the aerobic RT [t(29) = 3.24, P < .01]. Interestingly, the mean RTs were not significantly a,b Indicates a significant mean difference between conditions (P < .01).
Abbreviations: bpm, beats per minute. F(4, 26) =.47, P = .76, partial η 2 = .07. The means and standard deviations for the flanker and n-back tasks across the study conditions are presented in Table 3 and Figures 1 and 2 . Note. Mean RT in milliseconds, accuracy in % correct response; a,b indicates a significant mean difference between conditions (P < .01). 
Discussion
The purpose of this study was to compare the immediate effects of an acute bout of yoga and aerobic exercise on executive function tests of inhibition and working memory. The current findings indicated that the reaction times were shorter and the accuracy was significantly greater after an acute bout of yoga for tasks requiring greater amounts of executive control, indicating improvements in inhibition and working memory. In contrast to previous research, similar effects were not observed after an acute aerobic exercise bout at 60%-70% of HR max 13 or at 83%-84% of HR max . 7 In the current study, performance following the aerobic exercise bout was comparable to the baseline performance of the participants for some of the task conditions (see Table 2 for means).
Contrary to our a priori hypothesis, improvements in task performance were not observed following an acute bout of aerobic exercise. There are 3 possible reasons for this equivocality. Firstly, researchers have used the terms "immediate" and "prolonged" to assess acute exercise effects on cognition. 22 However, details of the time elapsed between the end of the exercise bout and beginning of the cognitive assessments is rarely reported making interpretation of the term "immediate" difficult. Some of these studies have employed neuroimaging techniques such as EEG 7, 17 which require extensive prepping and assembly before beginning the cognitive assessments. The extent to which these findings can be considered true "immediate" exercise effects is debatable, given that testing began approximately 48 min after the cessation of the acute bout. 7 Given this drawback, the current findings add to the acute-exercise literature by investigating the true "immediate" effects observed within 5 minutes of the cessation of the exercise bout (see Table 1 for cognitive testing duration). However, the results of this study disagree with the true immediate effects found by Pontifex et al 13 who used a modified Sternberg task to assess working memory. Working memory is composed of 2 segregated components: maintenance and manipulation. Maintenance has been defined as transferring, maintaining (including rehearsal), and matching of information in working memory 23 whereas manipulation refers to the additional reorganization or updating of each memory set. The dissimilarity in the results may be due to the different tasks used in these studies. The n-back is a continuous performance task that appears to tap the manipulation component, whereas the Sternberg task may only reflect maintenance processes associated with working memory. The third possible explanation for the contradictory results may relate to gender differences in the samples tested. Studies that report enhanced cognitive performance have had small but an equal number of male and female participants (eg, n = 10 males and 10 females) 7 or a disproportionate ratio of male-to-female (12:9). 17 Although such demographics are statistically controlled in the analyses, it is plausible that the improved cognitive performance is a gender specific phenomenon or the effects are disproportionate for the 2 genders. This study, to our knowledge, is the first to have assessed the acute exercise effects on a homogenous sample of females.
Yoga is a commonly practiced mind-body approach that has components centering on meditation, breathing, and activity or postures. There appear to be at least 2 mechanisms by which the practice of yoga or exercise improves cognitive ability. Lowered mood is associated with declines in cognitive function and Hatha yoga has been reported to produce improvements in mood comparable to aerobic exercise. 24, 25 Additionally, the practice of yoga emphasizes body awareness and involves focusing one's attention on breathing or specific muscles or parts of body; therefore it is possible that yoga may improve more general attentional abilities. Attentional focus is a major aspect of yoga practice. It produces similar effects as relaxation in that it tends to promote self-control, attention and concentration, self-efficacy, body awareness and stress reduction. 26 Such effects may explain why higher accuracy was recorded on the more demanding task conditions like the incongruent flanker, even though the RT was not significantly different across conditions. Anecdotal participant evaluation poststudy reported feelings of calmness and relaxation after the yoga session, whereas some reported feeling tired following the aerobic session. Yoga practice has been reported to help reduce anxiety based on a reduction in psychological arousal 27 and some studies have shown that anxiety affects performance on tasks requiring attention. 28 Sarang and Telles 10 speculated that anxiety reduction was the likely basis for better performance in their study. Future research examining acute yoga effects on cognition should employ additional physiological assessments to further investigate such hypotheses. It is also possible that participant expectancies from the yoga intervention may have led to their improved performance on the cognitive tasks. Given that these participants did not perform yoga routinely, the novelty and instruction during the yoga session and the mind-body nature of this exercise may have resulted in motivational and attentional enhancements during the cognitive tasks resulting in improved performance. However, it is difficult to determine expectancy effects for physical activity based interventions since the participants' themselves perform the physical activity and are therefore not blinded to the intervention. This mechanism may operate for any form of physical activity leading to not only cognitive improvements but also positive changes in other psychological outcomes that are assessed in physical activity based studies. While these mechanisms can only be speculated, they demand further inquiry.
In spite of the strengths of our study, we acknowledge a number of limitations. First, our sample was small and consisted entirely of female college students. It remains to be seen whether males within this age group would also show an improved cognitive performance after an acute yoga session. Second, we had the participants complete an 85% submaximal test to assess their aerobic capacity. Although a graded maximal exercise test is the gold standard for cardiovascular fitness assessment, we employed a submaximal fitness test for 2 reasons: 1) it was not a primary outcome of this study; and 2) the rigorous methodology of a repeated measures design made it less important of an issue to obtain the best possible measurement of fitness, also reducing participant burden.
In summary, our findings suggest that specific types of acute exercise differentially influence executive control processes. Participation in a 20-minute yoga session resulted in superior cognitive performance compared with acute aerobic activity and baseline assessment. Given the cardiorespiratory and metabolic differences between aerobic and yoga exercise, future research should address the relationship between yoga, cerebral blood flow, and cognition to provide additional insight into the relationship between cognition and exercise behavior. It is unknown at this time if these results are related to the differential cardiovascular and metabolic demands of the 2 exercise modes. Clearly, if these findings can be replicated across other samples, this pattern of results could provide a basis to explore potential mechanisms that may be responsible for acute yoga-induced changes in cognition, using neuroimaging techniques. Future research investigating acute exercise effects on cognition should also examine whether nontraditional modes of exercise such as tai-chi, yoga, and forms of martial arts are equally effective in influencing cognitive processes and the timespan of improved cognitive performance.
